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ABSTRACT Several polypeptides have been described in
the past as components of gap junction fractions. Of these, a
peptide of M, 26,000 is found in gap junctions isolated fromlivers of different species under conditions that minimize pro-
teolysis. Tryptic digestion of purified "intact" junctions causes
the rapid disappearance of this peptide with a concomitant
appearance of a band of Mr 10,000, which has previously been
found to be characteristic of junctional fractions isolated with
the aid of proteolytic treatment. Both the peptides of Mr 26,000
and 10,000 are missing from gap junction preparations after
partial hepatectomy, when gap junctions are absent from the
surface ofthe he atocytes. They have reappeared in fractions
from the livers of animals killed 3 days postoperatively, when
gap junctions are again present in vivo.
There has been much confusion about the nature of the protein
component of gap junctions. Goodenough (1) was first to isolate
a junctional protein from liver and later coined the word
"connexin" to describe this component (2). Since then, there
has been a proliferation of the number of polypeptides that
were suspected to be part of the gap junction structure (3-8).
Most of the previously published work has relied on the mor-
phological appearance of the fractions as a single criterion to
estimate the purity and intactness of the gap junction prepa-
rations used for analysis. We present here early results from
several independent approaches that support the idea that the
component with Mr 26,000 seen in liver by Gilula (6), Duguid
and Revel (7), Hertzberg and Gilula (8), and Henderson et al.
(9) is a major component of hepatocyte gap junctions in a
number of different species.
MATERIALS AND METHODS
Isolation of Plasma Membrane Fractions from Rat Liver.
The livers from 25 rats (6-8 weeks old) were used in each iso-
lation. They were perfused with 3-5 ml of warm buffer (0.9%
NaCl/1 mM NaHCO3/0.5 mM CaC12, pH 7.4). All of the fol-
lowing procedures were carried out at 4°C. Each liver (5-6 g)
was placed into 50 ml of ice-cold isolation buffer (1 mM
NaHCO3/0.5 mM CaCl2, pH 7.4), then diced, washed, and
homogenized into 35 ml of isolation buffer by 25 strokes of a
hand-ground size B pestle in a 40-ml glass Dounce homogenizer.
The homogenates from five livers were diluted to 1800 ml with
isolation buffer and allowed to stand for 5 min before being
filtered twice through four layers of cheesecloth. The filtrate
was centrifuged at 5000 rpm for 30 min (HG-41 rotor in a
Sorval RC3 centrifuge). The pelleted material from 25 livers
was resuspended in a final volume of 5.4 liters and centrifuged
in two batches at 3000 rpm for 15 min (HG-41 rotor). The
pellets were diluted to 2.7 liters and the centrifugation was
repeated. This low-speed pellet material was compacted by
resuspending it in isolation buffer to a final volume of 1200 ml
and centrifuging at 10,000 rpm for 15 min (JA-14 rotor,
Beckman J-21).
A two-phase polymer system (10) was then used on this pel-
leted material to obtain the plasma membrane fraction. The
pellets were resuspended in 600 ml of each phase and evenly
distributed between four 1-liter bottles for the HG-41 rotor.
After standing for 15 min (essential for adequate yield), the
bottles were briefly shaken and centrifuged at 2600 rpm for 15
min. The bulk of the material originally added pelleted at the
bottom of the bottles. The overlying fluid phases, including the
plasma-membrane-containing interface, were decanted into
two 1-liter bottles; both phases were remixed by shaking and
centrifuged at 2600 rpm for 15 min. The interface material was
then harvested with an aspirator, yielding plasma membrane
in a final volume of around 200 ml. This material was diluted
to 1200 ml with isolation buffer and pelleted at 10,000 rpm for
15 min (JA-14 rotor). The centrifugation was repeated with a
final volume of 600 ml of isolation buffer. The pelleted material
represents the plasma membrane fraction and generally con-
tains about 100 mg of protein
Isolation of Gap junctions by Methods Involving Proteo-
lytic Enzymes. The plasma membrane fraction from 25 rat
livers was resuspended in 90 ml of 50 mM Tris-HCl/5 mM
CaCl2, pH 7.4, and 12 mg of collagenase (Worthington type IV)
warmed to 370C. The suspension was stirred at 37"C for 30 min
before addition of 30 ml -f Tris/CaCl2 containing 3 mg of
trypsin (Sigma type XI) and was incubated at 370C for an ad-
ditional 20 min. The digested plasma membrane fraction was
diluted to 600 ml with cold isolation buffer and centrifuged at
10,000 rpm for 15 min (JA-14 rotor). The pellets were resus-
pended in a final volume of 200 ml of isolation buffer and this
centrifugation was repeated. They were then taken up in 0.55%
Sarkosyl NL 97 (final volume 240 ml), containing either 2 mM
NaHCO3 (final pH 7.8) or 25 mM Na2CO3 (final pH 10.8) and
were stirred for 15 min at room temperature. The Sarkosyl-
insoluble material was harvested by centrifugation at 20,000
rpm for 30 min (JA-20 rotor). The pellets were homogenized
into 1 mM NaHCO3 (pH 7.4) in a 15-ml glass Dounce homog-
enizer with a size A pestle.
The homogenate was loaded on top of six sucrose gradients
containing 3.5 ml of 54% (wt/vol) sucrose and 4.5 ml of 32%
(wt/vol) sucrose. The gradients were centrifuged for 1.5 hr at
35,000 rpm (SW 41 rotor, Beckman L3-50). The gap junction
fraction formed a discrete band between the 32% and 54% su-
crose phases. Some material pelleted at the bottom of the tube,
Abbreviation: Isolation buffer, 1 mM NaHCO/0.5 mM CaC12, pH
7.4.
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and a lipid vesicle fraction formed at the boundary of the 32%
sucrose and the 1 mM NaHCO3. The gap junction fraction was
diluted with 1 mM NaHCO3 (pH 7.4) and pelleted at 25,000
rpm for 30 min (SW27 rotor, Beckman L3-50).
Isolation of Gap Junctions Without Proteolysis. The
plasma membrane fraction from 25 rat livers was resuspended
in a final volume of 320 ml of 0.55% Sarkosyl containing 50mM
Na2CO3 (final pH about 10.8) and homogenized in a 40-ml
Dounce homogenizer fitted with a size B pestle. Solubilization
and centrifugation were carried out as in the proteolytic pro-
tocol described above. The Sarkosyl-insoluble pellet was taken
up in 70 ml of 6 M urea at room temperature by Dounce ho-
mogenization (size A pestle). After 10 min at room temperature,
the homogenate was centrifuged at 18,000 rpm for 30 min (SW
27 rotor). The pellets were homogenized into 1 mM NaHCO3
and loaded onto six sucrose gradients containing 10 ml of 54%
(wt/vql) sucrose and 15 ml of 32% (wt/vol) sucrose and then
centrifuged for 1.5 hr at 25,000 rpm (SW 27 rotor). The mate-
rial at the 32%/54% sucrose interface was harvested.
Isolation of Gap Junctions from Mouse, Rabbit, and Calf
Liver. The isolation procedure followed the general lines de-
scribed in detail here for rat liver with only appropriate ad-
justments for the starting wet weight of the liver. The rabbit and
calf livers were not perfused. A full description will appear
elsewhere.
Isolation of Gap Junctions from Regenerating Rat Liver.
Partial hepatectomy was done as described (11). A total of 10-20
g of liver was removed without prior perfusion from control rats
and hepatectomized rats whose livers had regenerated for either
30 hr or 3 days. The homogenates were processed either by the
two-phase method for preparation of plasma membrane or
collected and washed by two successive centrifugations at
10,000 rpm for 15 min (J-14 rotor) for preparation of crude
plasma membrane. The plasma membrane was treated as de-
scribed above by either the proteolytic or the nonproteolytic
protocol. The crude plasma membrane was similarly treated
but with some modifications to the initial steps of each protocol.
In the proteolytic protocol, the crude plasma membrane was
incubated at 370C in 60 ml of 0.1% collagenase in Tris/CaC12
for 50 min with the addition of 15 ml of 0.1% trypsin after 30
min. In the nonproteolytic protocol, these crude plasma
membrane fractions were first treated for 30 min at 370C with
60 ml of 0.1% DNase I (Sigma type DN-25) in Tris/CaCl2,
containing also 0.15 M NaCl, 5 mM MgSO4, and 0.5 mM
phenylmethylsulfonyl fluoride. Pellets, collected at 10,000 rpm
for 15 min (J-14 rotor), were treated, often twice in succession,
with 70 ml of Sarkosyl as described above.
Polyacrylamide Gel Electrophoresis. All polyacrylamide
slab gels used the Laemmli (12) method with minor modifi-
cations. Protein samples were solubilized at 100'C for 3 min
in a 1% solution of NaDodSO4 and 1% mercaptoethanol. The
gels were either 2 mm thick and 15 cm long or, following the
microslab method of Amos (13), 0.75 mm thick and 6 cm
long.
RESULTS
Characterization of a gap junctional tryptic
polypeptide in rat, mouse, rabbit, and calf liver
By the use of a two-phase polymer system, large amounts of
plasma membrane fractions suitable for the isolation of gap
junctions can readily be obtained from rat, mouse, rabbit, and
calf liver. Treatment of these fractions with collagenase and
trypsin yields particularly clean fractions of gap junctions (Fig.
1) (results for mouse, rabbit, and calf not shown). Analysis of
such gap junctional fractions from each species on NaDodSO4
slab gels showed a major band of Mr about 10,000 (Fig. 2). Thus,
it seems that a peptide of Mr of 10,000 represents the major
protein component of enzyme-treated fractions isolated not
only from mouse liver, as previously shown by Goodenough (1),
but also from the livers of several other mammalian species.
FIG. 1. Morphologically intact gap junctions isolated from rat liver by the proteolytic methods described here. Images from mouse, rabbit,
and calf also show closely packed connexons when examined by electron microscopy after negative staining. (X95,700.)
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FIG. 2. A 12.5% polyacrylamide gel minislab showing the bands
obtained after isolation of gap junctions by the proteolytic protocol
from mouse (lane A), rat (lane B), and rabbit (lane C) liver. The
preparations shown were treated with Sarkosyl at pH 10.8 in order
to reduce contamination. Standards are in the right-hand lane (Mr
X 1o-3). The gap junction peptides in all species are seen here as a
somewhat diffuse band of Mr about 10,000 (arrow).
Identification of native gap junctional protein from rat
liver
Isolation in Absence of Exogenous Enzymes. Earlier ob-
servations by Duguid and Revel (7) suggested that, by reducing
the collagenase treatment, one could obtain components of Mr
greater than 10,000 in gap junction fractions from mouse liver.
We found that contaminants seen in the absence of enzyme
treatment could be reduced by using 6 M urea on the Sarko-
syl-resistant material isolated from plasma membrane fractions
of rat liver. Plasma membrane fractions thus treated displayed
a prominent band with a Mr between 25,000 and 26,000 on
NaDodSO4 slab gels. A similar band had previously been found
in mouse liver (7), and we have preliminary evidence indicating
its occurrence in rabbit liver and calf liver gap junction frac-
tions. A number of other bands were also found with some
variation in number and density. Frequently encountered
bands were at about Mr 35,000 and 38,000, a diffuse band be-
tween Mr 46,000 and 52,000, and material unresolved at the
top of the gel (Fig. Sa). However, no material was observed with
a Mr of about 10,000 as seen in enzyme-treated junction frac-
tions. Similar profiles were generated in gels when 0.5 mM
phenylmethylsulfonyl fluoride was included at all stages of the
isolation procedure except the sucrose gradients.
In Vitro Trypsinization of Gap Junction Fractions. The
effect of trypsin on gap junction fractions isolated in the absence
of extraneous enzymes could be followed on gels (Fig. 3a). The
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FIG. 3. (a) An 8-18% linear gradient polyacrylamide gel con-
taining NaDodSO4 shows the effect of trypsin on a rat junctional
fraction isolated by a nonproteolytic protocol. The first two lanes (0
min) represent two different loadings at 0 time. They show bands for
trypsin (24,000 Mr marker) and trypsin inhibitor (TI) in addition to
a diffuse band (possibly a doublet) ofMr between 25,000 and 26,000,
sharp bands of Mr about 35,000 and 38,000, and a diffuse band ofMr
about 50,000. As trypsin is allowed to act, the bands in the region of
Mr 26,000 disappear immediately (2.5 min) and a band at about Mr
10,000 (arrow) appears. The band at Mr 50,000 changes apparent Mr
and then disappears slowly (10 min), and the other bands appear
unaffected for at least 15 min. Trypsinization was carried out by
adding 1.5 ,g of trypsin (Sigma type XI) in 10 ul of Tris/CaCl2 to 80
p1A of sample (90 ,g of protein) in Tris/CaCl2. Incubation was at 370C.
The reaction was stopped by adding 7.5 pg of soybean trypsin inhib-
itor (Sigma) in 10 Al of Tris/CaCl2, followed by 100 ul of NaDodSO4
solubilization buffer. Aliquots of 125 were used. (b and c) Densi-
tometric scans of the gel shown in a were done on a Joyce Loebl den-
sitometer, and the areas under the peaks were plotted against time.
(b) Comparison of the area under the Mr 26,000 peak (0-0) to that
of the Mr 10,000 component (0-- 0) shows a close reciprocal rela-
tionship between the two. (c) Comparison of the Mr "50,000" com-
ponent (X-X) to the same Mr 10,000 component (---) illustrated
in b shows only poor correlation between the disappearance of stain
under this peak and the appearance of a band at Mr 10,000.
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FIG. 4. A 12.5% polyacrylamide gel minislab shows the poly-
peptide content of gap junction fractions isolated from "high-speed
spin" plasma membrane fractions, following either a proteolytic (lanes
A-C) or nonproteolytic (lanes D-F) protocol. In each instance, the
presumed gap junction polypeptides (arrows) are missing only from
the 30-hr regenerating liver, but are present in control animals (0 hr)
or animals killed after 3 days of regeneration. There is some inho-
mogeneity in loading of the lanes, difficult to avoid because of the very
small samples available. An indication as to the relative loading of the
lanes can be obtained by a comparison of the staining density of the
higher Mr "contaminant" bands. The experiment has been repeated
five independent times. In each case, several gels at different loadings
were run with results similar to the ones illustrated here. Mr X 10-3
are given.
most striking change was the rapid disappearance of Coom-
assie-blue-staining material of Mr 26,000 and a concomitant
appearance of material of Mr about 10,000. Assuming that the
staining properties of the different polypeptides are similar,
plots of the area under each peak against time showed that the
stained material disappearing from the region of Mr 26,000
could be accounted for by the increased staining at about Mr
10,000 at each time point (Fig. 3b). The material originally of
Mr around 50,000 was at first almost wholly recovered at a
slightly lower Mr and disappeared only slowly; even after 20
min, some staining could still be detected (Fig. Sc). With long
exposure to trypsin, there was also a decrease in the amount of
staining material at the top of the stacking gel. Other bands
seemed only slightly affected by enzymatic treatment and are
therefore not likely to be precursors of the peptide of Mr
10,000.
Biochemical Correlates of Disappearance and Reap-
pearance of Gap Junctions in Regenerating Liver. During
liver regeneration in weanling rats, the gap junctions are vir-
tually absent 28-36 hr after hepatectomy but reappear and
reach near normal levels by the end of the second day (11, 14).
Analysis of enzyme-treated junction fractions isolated from
30-hr regenerating liver by the two-phase method indicated
a loss of the band of Mr 10,000 characteristic of junction frac-
tions. This band was present by 3 days (not illustrated). Because
of changes in the buoyant density of various subcellular frac-
tions during liver regeneration, we also isolated junction frac-
tions by high-speed centrifugation of the homogenate in order
to be certain of pelleting all the plasma membrane. Analysis
again showed the absence of the band at Mr 10,000 in the
fractions from 30-hr regenerating liver and its presence in the
fraction from the 3-day regenerating liver (Fig. 4). When no
proteolytic enzymes were used, the band at Mr 26,000 was
present in control and 3-day regenerating liver, but it was absent
in the fraction from 30-hr regenerating liver (Fig. 4).
DISCUSSION
We present several independent lines of evidence to support
the contention that a major component of undegraded gap
junctions is a polypeptide of Mr about 26,000 previously re-
ported in liver by ourselves (7) and others (6, 8, 9). This poly-
peptide is a precursor of a component of Mr about 10,000,
presumably similar to the "connexin" obtained by Goodenough
(2) from trypsinized gap junction preparations. Our contention
is based on the following observations. (i) The band of Mr
26,000 is always present in junctional fractions isolated from
normal rat liver without enzymatic treatment (ref. 8 and this
report), with or without phenylmethylsulfonyl fluoride. Similar
bands are found in junctional fractions prepared without added
enzymes from hepatocytes of other species [mouse (7, 9), rabbit,
and calf (unpublished)]. Other bands can also be found, but
their appearance is variable or they are likely to be contami-
nants (see discussion below). (ii) Upon trypsinization of rat liver
fractions isolated without enzymes, there is a disappearance of
the band at about Mr 26,000 which closely parallels the ap-
pearance of a band of Mr about 10,000, previously established
as a component of trypsinized gap junctions. (iii) The bands
both of Mr 10,000 and of 26,000 are undetectable in Sarkosyl-
insoluble fractions ("gap junctions") from 30-hr regenerating
rat liver, where it is known that nearly all of the gap junctions
have disappeared (11, 14). When gap junctions again become
morphologically recognizable, the bands are again present. We
have, however, not been able to eliminate the possibility thatjunctional protein could have become Sarkosyl soluble at the
times when gap junctions are not seen. Although whole gap
junctions are relatively resistant to solubilization by detergents,
dispersed junctional components themselves might not be.
Yancey et al. (11), however, have presented evidence that
argues against several such classes of dispersal.
The junctional peptide of Mr 26,000 often forms diffuse
bands and can sometimes be resolved into a doublet; one is led
to postulate that there may be more than one polypeptide in
this Mr range. Preliminary results from two-dimensional gels
in fact suggest that a number of polypeptides may be present
in the 26,000 Mr region (unpublished results). Also, sequences
of 12-20 amino acids obtained at the amino terminal of the Mr
10,000 fragment suggest the presence of more than one peptide
chain (B. Nicholson, personal communication). It is therefore
possible that there are multiple components of the gap junction
with similar Mr.
Because it is now clear that junction proteins are extremely
sensitive to proteolytic damage, all polypeptides of Mr less than
26,000 could represent cleavage products and are therefore
suspect. Under conditions that minimize damage, only higher
Mr compounds are seen on gels, and it is therefore likely that,
if smaller junctional proteins exist, they represent only minor
components. Resolution of the problem must await efforts at
peptide mapping or immunological identification. In the rest
Cell Biology: Finbow et al.
-
...Fi I.
6
i7..i;,:A.
7
.4 &.
'IF
.41
I;. fs
Proc. Natl. Acad. Sci. USA 77 (1980)
of the discussion, we will examine only the likelihood that one
or more of the polypeptides of Mr larger than 26,000 are part
of the gap junction.
For both mouse liver (7) and bovine lens (4), a band at Mr of
34,000 has been implicated as a possible junctional component
in experiments where the plasma membrane fractions had been
treated with collagenase or trypsin (or both). However, no bands
in this region are found in proteolytically treated rat liver
junction fractions if adjustments are made to the isolation
procedure [greater dilution of early homogenates, or addition
of a high pH step (8)]. Either of these changes also removes a
uricase crystal contaminant present in negatively stained
preparations. However, there are also polypeptides in the same
region of the gel (about Mr 35,000) that are unlikely to be a
uricase contaminant because they are present after high pH
treatment during the nonproteolytic procedure (8). In addition,
observations by Duguid (15) indicate that in mouse hepatocyte
fractions the peptide maps of the band at Mr 34,000 and that
of the component at Mr 26,000 are similar. One must therefore
entertain the possibility that bands in this region may at times
be due to contaminants, but in other instances may represent
a form of the junctional protein.
Culvenor and Evans (3) have recently proposed that a band
at Mr 38,000 represents a major component of the gap junction
from mouse liver. We also find bands at Mr 37,000-38,000 in
junctions isolated without enzymes added. However, these
bands disappear only slowly during tryptic digestion and do not
seem to contribute to the polypeptide of Mr 10,000 which is
clearly of junctional origin.
Whether the component(s) found in the range of Mr
46,000-52,000 represents a junction protein is open to question.
Early attempts at producing antibodies to gap junction fractions
(D. Henderson and J.-P. Revel, unpublished data) did suggest
the presence of such a peptide in gels studied by crossimmuno-
electrophoresis. In addition, the band appears to be sensitive
to trypsin. However, close examination reveals that there is at
first very little change in the amount of material detected by
densitometry at a time (2.5 min) when the material at Mr
10,000 is accumulating rapidly (Fig. Sc). Hertzberg and Gilula
(8) feel that the polypeptide of the same Mr range seen in their
gels is a junctional component. A peptide of such a high Mr
would be difficult to reconcile with a hexameric model of
junction structure as proposed by Caspar et al. (16), unless it
represented a dimer of the peptide of Mr 26,000. Again, more
refined analysis is needed for an unequivocal answer.
In conclusion, there are now several independent lines of
evidence indicating that a polypeptide (or polypeptides) of Mr
26,000 is a major gap junction protein. Whether or not the
peptide(s) of Mr 26,000 is the only protein component cannot
be determined with certainty at present, but other components
are not discernible with our presently used approaches.
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